The metal-metal interaction in policarbonyl metal clusters remains one of the most challenging and controversial issues in metal-organic chemistry, being at heart of a generalized understanding of chemical bonding and of specific applications of these molecules. In this work, the interacting quantum atoms (IQA) approach is used to study the metal-metal interaction in dimetal polycarbonyl dimers, analysing bridged
Introduction
After the discovery of the first dimetal polycarbonyl M 2 (CO) n molecules, Fe 2 (CO) 9 1 and Mn 2 (CO) 10 , 1-3 a vivid debate started concerning the existence and the nature of direct metal-metal (MM) chemical bonds. Although chemical intuition (here conveyed by the socalled 18-electron rule) and the observed MM distances in M 2 (CO) n systems would suggest the presence of single, localized MM bonds, 4 it was soon recognized that such a simplified scheme cannot correctly explain this bonding, which actually originates from the interplay of more valence bond configurations. The complexity of the interactions increases when one or more carbonyl ligands bridge two metals (supported MM bond), and the presence of a direct MM bond is in fact more questionable. 5 Despite the diamagnetic nature of Fe 2 (CO) 9 and its short MM distance (2.523 Å), many theoretical studies over the years have excluded a "localized" two-center-two-electrons (2c2e) bond, 6 although this remains matter of discussion. 7 Furthermore, early experimental 8 and theoretical 9 studies on Mn 2 (CO) 10 raised some doubts about the presence of a direct MM bond even in systems without bridging carbonyls (unsupported MM bond), justifying the stability of this compound with favorable 1,3 Mn...CO interactions. 10 In order to ascertain which force plays in fact the major role in stabilizing a cluster, accurate calculations and energy partitioning are necessary, but this was not possible at the time of those investigations.
A breakthrough occurred when the Quantum Theory of Atoms in Molecules (QTAIM) 11 could be applied to study these molecules. 12 In principle, QTAIM is an unbiased method to analyze the chemical bond between two atoms, through a topological analysis of the electron density distribution, which is an observable and therefore it can be determined also experimentally. 13 A sufficient and necessary condition for a pair of atoms to be bonded is the existence of a bond path linking them, 11 implying the presence of a bond critical point (BCP) between the interconnected nuclei. However, although the BCP is an observable, the interpretation of the bond path in "chemical terms" may be not so immediate and the nature itself of a direct MM bond (if present) is not unambiguous.
In the first analyses reported in the literature, it was found that while molecules with unsupported MM bonds always feature a MM BCP, molecules with at least one bridging or semi-bridging carbonyl ligand lack of a MM BCP, with only few exceptions, 14 that are however controversial. 15 For example, although the 18-electron rule predicts a direct bond in the bridged isomer of Co 2 (CO) 8 , no BCP was found between the two cobalt atoms. 16 This automatically rules out a direct MM bond 12 and raises the question how to quantify the electron localization or delocalization in a bond. A generalization to other kinds of bridges is not so easy: Overgaard et al. [17] [18] [19] showed that the correct molecular graph may be difficult to ascertain in M 2 C rings, especially from experimental electron densities.
On the other hand, even for unsupported MM bonds, the low values of electron density and Laplacian at the MM BCP produced somewhat ambiguous interpretation of the nature of this bond. 20 It became clear that a "traditional" QTAIM analysis, i.e. based only on the topology of the electron density distribution, was not sufficient to solve the dilemma and additional speculation was necessary. 
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The purpose of this article is to carry out similar IQA analyses on the MM interaction and bonding of the aforementioned dimetal polycarbonyl dimers.
The article is organized as it follows. First, we illustrate the basic concepts of the IQA approach and the computational details. Then, we will discuss on the MM inter-
symmetry) and semi-bridged ([FeCo(CO) 8 ] − , C s symmetry) systems, which are the prototypical examples of the bonding schemes used in most of the previous studies on this subject. 12, 16, 26, 28, [31] [32] [33] [50] [51] [52] The analysis of these results will enable us to draw conclusions.
Theory and Computational Details
The IQA methodology has been fully described in earlier studies, 39, 42, [53] [54] [55] to which readers can refer for a more detailed explanation. Summarizing, within QTAIM the following one-and two-basin partitioning of the molecular energy is used:
where Ω A represents the atomic basin of atom A, and ρ 1 (r 1 ; r 1 ) and ρ 2 (r 1 ; r 2 ) are the first and second order reduced density matrices, respectively. The IQA approach joins now energetic terms such that chemically meaningful objects appear, in the light of McWeeny's theory of electronic separabilitiy. 56 Thus Eq. 1 becomes,
in which A, B represent atoms; i.e. atomic basins plus their corresponding nuclei. Intrabasin contributions define an atomic self-energy, and all inter-basin ones the pairwiseadditive interaction energy between pairs of atoms. Interactions are read in the chemical scale by decomposing ρ 2 into coulombic and exchange-correlation contributions,
(ρ(r 1 ) = ρ 1 (r 1 ; r 1 )). In equation (2), V AB C is a purely coulombic term,
and V AB xc is the exchange-correlation contribution to V AB ee ,
In this way,
where V AB cl is the classical interaction energy,
and V AB xc is the purely quantum-mechanical exchange-correlation term, which contains the covalent interaction between atoms A and B. In fact, the delocalization index (DI) between atoms A and B, δ AB , which is given by an expression very similar to Eq. 5,
is a standard descriptor of the covalent bond order between both atoms in real space techniques.
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All the electronic structure calculations of this work were performed with the GAMESS code. 59 The molecular geometries of bridged, semi-bridged and unbridged molecules were optimized fixing their symmetries to C 2v , C s , and D 3d , respectively ( Figure 1 ). The standard 6-31G(d) basis-set (BS) was used for carbon and oxygen atoms whereas Hay-Wadt (HW)
small ECPs with their respective BSs were chosen for transition metals. 60 The core density was reconstructed using a standard procedure, already described by some of us.
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All the calculations were performed at the DFT level of theory using the PBE functional. 61 Despite its popularity, some caution should be taken whenever a DFT method is used to calculate quantities which involve the 2nd order density matrix, like DIs or IQA Table 1 . This stabilization has itself two sources.
One is the electrostatic interaction between the positively charged metal and the negatively charged oxygens, partly attenuated by the destabilization between the metal and the carbon atoms, both positively charged. The other source is the 1,3 M...CO electron sharing, in this case more favorable with the carbon (which is closer) but almost negligible with the oxygen.
From Table 1 , we learn that the electrostatic component is three times larger (V = -0.27 au). We will not further discuss these interactions here, given that the subject is actually the interaction between two metal moieties. ca −0.150 au, has been found to be the main factor responsible for monomer binding.
The symmetrical bridge: Co 2 (CO) 8 The more relevant IQA results for this molecule are collected in Table 2 . As anticipated in the introduction, bridged metal dimers do not show any direct MM bond path. Therefore, the it is the longer MM distance that quenches the electron sharing. On the other hand, the CoCO bridge interactions are obviously weaker than the terminal Co-CO ones, given that the bridging carbon is now sharing electrons with two metals and that the CoC bridge distance is longer.
While for the unsupported dimers the molecular graph cannot provide a comprehensive picture of the electron delocalization mechanism, for bridged dimers the IQA scenario coincides with the through bond interaction identified by the QTAIM analysis of the electron density distribution, from theory as well as from experiment. 67 In fact, the presence of MC bridge bond paths, inwardly curved in the M-C-M ring was recognized as a clear sign of multi-center bonding. Moreover, this view is in agreement with the DAFH picture, later proposed by Ponec et al.
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The analysis of the individual E , in which the electrostatic part is overwhelming. Clearly, the observed molecular graph is able to reveal only the former, because produced by electron sharing and therefore with direct implications for the electron distribution, but not the latter, which is actually more effective. Table 2 .
It is interesting that just a minor perturbation of the terminal carbonyl produces a stronger stabilization of the 1,3 M-CO interaction. Consequently, the semi-bridging appears as the sum of an almost pure MC terminal and an almost pure MC bridge interactions. From Tables   1 and 2 , one can estimate the stability provided by the various types of carbonyls to the dimer. The ranking would be CO semi−bridging > CO bridging > CO terminal . However, one should also consider that the presence of bridging or semi-bridging carbonyls significantly modifies the stereochemistry at the metal centers and the 1,3 M...Co interactions are quite inhibited.
Therefore, although less stabilizing, terminal carbonyls enable to maximize the number of 1,3 M...CO and therefore they guarantee a stability similar of that of bridging groups.
Conclusions
In this paper, we have adopted for the first time the IQA method to investigate the full conformational space of metal carbonyl dimers, showing that this approach is able to complement the information normally available from traditional QTAIM analysis of the electron density distribution, and even from analysis of the pair distribution. The simple molecular graph and the study of local properties of the electron density may not suffice to describe the complexity of multicenter bonding, like that occurring in transition metal dimers. Even if information on the electron delocalization is available, as from delocalization indexes or DAFH, the relative importance of electron sharing and electrostatic interactions is not available. This is why IQA offers the more comprehensive view and helps sorting out ambiguities.
We can safely conclude that a delocalized multicenter MM bond is always present in
n systems, involving the two metals and all the carbonyls insisting on the MM connection (either terminal, semi-bridging or bridging). Of course, the interplay between the MM and M-CO bonding configurations depends on the actual molecular geometry, but the mechanism is basically the same, in keeping with previous formulations by Macchi et al. 28 and by Ponec and Gatti. 33 This scheme is now corroborated not only by the calculated electron sharing between the two metals (always smaller than one electron pair), but also by the total MM interaction energies. The IQA analysis shows that there is always a strong MM covalent component, which is normally opposed by an electrostatic repulsion. In fact, despite being formally "zerovalent", the metals in carbonyl complexes always bear a positive charge Some questions remain open, concerning the backdonation from M to CO bridge , in par-ticular its role in the semi-bridging complex. It is generally supposed supposed that bridged carbonyls are more π-acidic than terminal ones and that therefore a direct MM bond can be formed only when no π acceptor ligand insist on the MM connection. We have recently proposed a method that, combining IQA and DAFH approaches, is able to recover the molecular orbital language from a real space descriptions. 68 However, the computational efforts for a full IQA-DAFH analysis is, at the moment, too expensive. A future parallelization of PROMOLDEN code will allow to increase the size of the systems suitable to be studied with this new approach.
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